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1. Introduction

Shock waves have been the subject of extensive research up to the present day due to their potential applications.
Shock waves are pressure waves caused by a sudden change in pressure, resulting in a high-energy phenomenon that
raises pressure, temperature, and density after its passage. One example of its application in medicine is
extracorporeal shock wave treatment for low back pain [1]. This is possible because shock waves enable non-invasive
treatment. Furthermore, detonation engines, which utilize shock waves accompanied by combustion known as
detonation to generate thrust, are being developed in space exploration [2]. Given the various potential applications
of shock waves, there are strong demands for advancements in shock wave technology.

Among the applications of shock waves, confinement has attracted attention because of its ability to increase pressure
and density. One of the studies on shock waves is the control of clusters using the confinement of shock waves
generated by laser irradiation. This research has shown that local confinement of shock waves induced by laser
ablation or plasma increases pressure and density within the confinement region [3][4]. Shock waves generated by
plasma have also been shown to increase the pressure behind them, indicating the usefulness of spatial confinement
[5]. These findings suggest that the confinement can enhance physical quantities, making it a phenomenon closely
related to shock wave confinement.

A shock wave confinement phenomenon is proposed as a new application. The shock waves possess reflective
properties, reflecting when they collide with objects or walls. Also, in the previous study, the experiment on the
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unsteady behavior of shock waves and supersonic jets were conducted using open small-volume shock tube. As a
result, it was confirmed that the shock wave was reflected multiple times between the supersonic jet and the wall
surface [6]. Focusing on this characteristic, we believe that shock waves can be repeatedly reflected between the
supersonic jet and the wall surface and that confinement can generate a high-temperature, high-pressure region in the
desired area. Controlling this phenomenon could have potential applications in combustion technology and as a
reaction field for generating new materials.

This study aims to clarify the conditions for the shock wave reflection in the jet, which is essential for understanding
the shock wave confinement phenomena. However, research on the shock wave confinement phenomenon is scarce,
and the conditions for its occurrence are not well understood. In another previous study, experiments showed that a
change in the pressure ratio in the shock tube can change whether or not a shock wave is reflected [7]. Based on this
report, numerical analysis is used to investigate pressure and density near the impact of the shock wave and jet stream,
which cannot be studied experimentally. In this paper, the effect of the pressure ratio in the shock tube on the presence
or absence of shock wave reflection and distributions of the physical quantity of the collision between the jet and the
shock wave are discussed based on numerical analysis.

2. Calculation Conditions
2.1 Numerical Method and Boundary Conditions

In this study, numerical fluid dynamics calculations were performed to reproduce the phenomenon of a shock wave
colliding with a jet stream after reflecting off a wall surface. Numerous calculations were carried out using the
ANSYS Fluent 2021 code. The governing equation used was the two-dimensional axisymmetric compressible
Navier-Stokes equations. The turbulence model used in this calculation is k-¢. The fourth-order Runge-Kutta method
was applied for temporal discretization with an explicit scheme. The convective terms and numerical fluxes were

discretized using a second-order upwind scheme and Roe’s flux-difference splitting scheme. To ensure the stability

of the calculations, the Courant-Friedrichs-Lewy condition was set to 0.1. Figure 1 shows the computational domain
and boundary conditions. The wall conditions for the shock tube and the opposing wall in Fig. 1 were set as no-slip
walls. The x-axis and the top of the model were subjected to asymmetry and pressure outlet conditions as other
boundary conditions. The mesh generation method was generated automatically by the Ansys program. The mesh
size was 0.5 mm, and a mixed mesh of triangles and quadrilaterals was used. Ly and Ly represent the high-pressure
and low-pressure chamber lengths, respectively. 7, and T are the temperatures of the high and low-pressure
chambers, set at 300 K. The computational parameters were the pressure ratio Ph/Pb within the shock tube. P, and
Py, refer to the pressures in the high-pressure and low-pressure regions within the shock tube, respectively, with Py,
set to atmospheric pressure. L and D are the distance from the open end of the shock tube to the reflecting wall and
the diameter of the shock tube, respectively. The diameters D, Ly and L, were set to D = 10 mm, Ly = 10 mm, and Ly
= 20 mm, respectively. This study investigated the behavior of the shock waves and jets. The pressure ratio Ppn/Pp
within the shock tube was varied at 10.7, 22.6, 35.0 and 46.0 for the calculations.
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Fig. 1. Flow field and boundary conditions.
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2.2 Check Validity and Mesh dependence

Figure 2 shows a model of the shock tube for verification. The calculation conditions are the same as in the present
study. The mesh dependence was confirmed using a closed shock tube for comparison with theoretical values. The
shock tube diameter D, high-pressure region length Ly, and low-pressure region length Ly, are D = 10 mm, L, = 20
mm, and Ly, = 20 mm, respectively. The parameters of the calculations are mesh sizes of 0.5, 0.2 and 0.1 mm. Figure
3 shows the pressure distribution for the mesh size and theoretical pressure at each position at =15 ps. Fig. 3 shows
that the pressure for mesh size 0.5 mm is approximately the same as the pressure for mesh size 0.2 mm, mesh size
0.1 mm, and the theoretical value. Therefore, the mesh size is set to 0.5 mm in this study to keep the computational
cost low.

Non slip-wall condition High pressure resion Low pressure resion

Fig. 2. Model of shock tube for verification.
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Fig. 3. The mesh sizes and theoretical pressures for each mesh size at each location at £ = 15 ps.
3. Result and Discussion
3.1 Verification of calculation result

Figure 4 shows the flow field of the experimental and numerical. The figure is presented to examine the behavior of
the jet and the shock wave in more detail. The experiment conditions, L/D and x/D are 8 and 46.0, respectively. The
same conditions apply to numerical calculations. The vertical and horizontal axes are the time t and the distance value
x/D, respectively. Fig. 4 shows that the shock wave and the jet reach the reflective wall at # = 120 ps and ¢ =275 ps
for both experimental and numerical analysis. Thus, the numerical analysis confirms the qualitative agreement with
the experiment under these conditions.

3.2 Typical Flow Field
Figure 5 shows the temporal evolution of the flow field using computational Schlieren imaging at a pressure ratio of
Pi/Py, = 46.0. The time ¢ = 0 ps represents the time of the diaphragm ruptures in the shock tube. The arrows in the

figure indicate the head of the shock wave. As shown in Fig. 5(a), at x/D = 5.1 and x/D = 7.5 along the central axis at
y/D =0, the head of the jet and the shock wave induced by the jet can be observed. These correspond to the jet ejected
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from the shock tube and the shock wave induced by the jet stream. In Fig. 5(b), the head of the reflected shock wave
can be observed at x/D = 6.8 along the central axis at y/D = 0. This indicates that the shock wave from the open end
of the shock tube toward the reflective wall is reflected off the wall and propagates back toward the open end. In Fig.
5(c), the shock wave reflected from the wall collides with the jet at x/D = 6.0. In Fig. 5(d), the shock wave reflected
by the jet can be observed at x/D = 7.0 along the central axis at y/D = 0.

Fig. 4. Time history of Schlieren and Computer schlieren for L/D = 8 and P,/Py = 46.0.
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Fig. 5. Computer schlieren for L/D =8, Py/P,=46.0
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The x-t diagram is presented to examine the behavior of the jet and the shock wave in more detail. Figure 6 was
created for Pn/P, = 46.0 by sequentially extracting computed Schlieren images along the central axis and arranging
them in a continuous sequence up to ¢ = 500 ps. Fig. 6 shows that at £ = 200 ps, 254 ps and 300 ps, the shock wave
reaches the reflective wall, collides with the jet, and reaches the wall, respectively. Additionally, the jet reaches the
reflective wall at £ =275 ps. Therefore, numerical calculations confirm that the shock wave is reflected multiple times
between the reflective wall and the jet stream.
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Fig. 6. Time history of Computer schlieren for L/D = 8 and Pw/P, = 46.0.
3.3 Influence of Pressure Ratio on the Shock Wave Reflection at the Jet

We investigate the effect of the pressure ratio Pi/Py, within the shock tube on the reflection of shock waves in the jet.
Figure 7 shows the x-¢ diagrams of computational Schlieren images for Pn/P, = 10.7, 22.6 and 35.0. As shown in Fig.
7, in the cases of Py/P, = 10.7, 22.6 and 35.0, like Py/P, = 46.0, the shock wave reaches the reflective wall, reflects
at the wall, and subsequently collides with the jet can be observed. For Py/Py, = 35.0, the moment at # = 325 us when
the shock wave reflected within the jet reaches the reflective wall can also be observed. On the other hand, for Py/Py
=10.7 and 22.6, it is not confirmed that the shock wave reflects in the jet. From this, it can be confirmed that the
shock wave reflects due to the jet at higher pressure ratios.

3.4 Acoustic Impedance with Consideration of Flow Velocity at Each Pressure Ratio

Based on the above, it was found that the presence or absence of shock wave reflection in the jet changes with an
increase in the pressure ratio. Generally, the presence or absence of the shock wave reflection is well explained by an
acoustic impedance. Acoustic impedance is a measure of the ease of wave propagation. The evaluation of reflection
by acoustic impedance is determined by the difference in acoustic impedance of each medium when a shock wave is
incident between two media without flow velocity. Since this report is concerned with shock waves incident on a jet,
the evaluation is performed for each region inside and outside the jet. In this study, the flow field is induced by shock
waves and jets, so the acoustic impedance /' is used, as shown in Equation (1), which is the speed of sound minus the
flow velocity. In the equation, p, a and v represent the density, the sound speed, and the flow velocity, respectively.

I'=pla—v| (M

Figure 8 shows the flow fields based on acoustic impedance. The flow fields represent the state just before the
collision between the jet and the shock wave. In the case of Fig. 8(d), the high acoustic impedance region can be
observed at y/D = 0, x/D = 4.2-4.5. This indicates the high acoustic impedance region in the center of the jet.
Furthermore, the three-layer structure of high, low, and high acoustic impedance regions is not formed from the center
of the jet. In the cases of Fig. 8(b) and (c), a similar three-layer structure is not observed as in Fig. 8(d). On the other
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hand, in Fig. 8(a), the high acoustic impedance region is observed at the center of the jet. Additionally, in Fig. 8(b),
(c) and (d), the width of the low acoustic impedance region surrounding the center of the jet is 0.9, 0.6 and 0.2 at y/D
= 0, respectively. From this phenomenon, it was found that the width of the low acoustic impedance layer becomes
thinner as the pressure ratio increases. Therefore, it is suggested that the reflection of the shock wave in the jet is
caused by the three-layered structure of acoustic impedance, and the low acoustic impedance layer is thin.
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Fig. 7. Time history of Computer schlieren for L/D = 8.
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Fig. 8. Acoustic Impedance and Computer Schlieren for L/D = 8, Pi/P, = 46.0.
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4. Conclusion

This study aims to clarify the reflection conditions of shock waves in a jet flow. A numerical analysis was conducted
on a flow field with a shock tube and a reflective wall to achieve this. The governing equations are the two-
dimensional axisymmetric compressible Navier-Stokes equations. The parameter of interest is the pressure ratio
within the shock tube, Py/Py, ranging from 10.7 to 46.0. As a result, it was found that for Pw/Py = 35.0 and 46.0, the
shock waves reflected from the reflective wall were again reflected by the jet. On the other hand, for Py/P, = 10.7
and 22.6, it was confirmed that the shock waves were not reflected in the jet. This is due to the presence or absence
of reflection changes with an increased pressure ratio. Additionally, for Pn/P, = 22.6, 35.0 and 46.0, it was observed
that the three-layer structure of high, low, and high acoustic impedance is formed from the center of the jet.
Furthermore, it was found that the thickness of the low acoustic impedance layer decreases as the pressure ratio
increases. These observations consider that the reflection of the shock wave in the jet is influenced by the three-layer
structure of acoustic impedance and the thickness of the low acoustic impedance layer.

Nomenclature

Ly high-pressure chamber lengths, m

Ly low-pressure chamber lengths, m

Ty the temperatures of the high-pressure chambers, K

Ty the temperatures of the low-pressure chambers, K

Py, high-pressure regions within the shock tube, Pa

Py low-pressure regions within the shock tube, Pa

L distance from the open end of the shock tube to the reflecting wall, m
D diameter of the shock tube, m

Py/Py,  pressure ratio within the shock tube
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